Glutamate is the major excitatory neurotransmitter in the mammalian CNS. Here, we propose a new role for this neurotransmitter in the developing nervous system. We show that glutamate or the metabotropic class I agonist S-3,5-dihydroxyphenyl glycine, acting through the metabotropic glutamate receptor 1 (mGluR1), can reduce the activity of multiple axonal repellents in vitro. This effect is mediated by a pertussis toxin-sensitive activation of protein kinase A and the subsequent inactivation of Rho. This signaling pathway appears to be identical to the one we described previously for stromal derived factor-1-induced reduction of axonal repellent activities. Activation of mGluR1 can also promote increased survival of embryonic retinal ganglion cells in culture. We propose that neurotransmitter-induced modulation of repellent strength provides a novel mechanism by which activity can influence neuronal morphology.
Introduction
Neurons interconnect in a mostly activity-independent manner early in development. Once basic neural circuitry is established and begins to be functionally active, however, interconnections are shaped through activity-dependent mechanisms. Considerable progress has been made in identifying the signaling molecules and their receptors that influence axonal and dendritic outgrowth during the activity-independent phase of neural development. For example, members of the semaphorin, netrin, ephrin, and slit families have been shown to act as either attractants or repellents that guide neuronal processes along specific pathways toward their targets (TessierLavigne and Goodman, 1996; Yu and Bargmann, 2001) . Less well understood, however, are the signals that control neurite growth and pruning during the activity-dependent phase of development. We hypothesize that the release of neurotransmitters from active neurons has a direct and profound influence on how axons and dendrites respond to these basic guidance signals.
Growth cone responses to guidance cues can be dramatically altered by manipulating cyclic nucleotide levels in extending neurites. For example, Xenopus spinal neurons are normally repelled by a gradient of MAG, however exposure to a cAMP agonist is reported to reverse their response to one of attraction (Song et al., 1998) . Antagonizing cAMP converts an attractive response for netrin into one of repulsion (Song et al., 1997) . Stimulation of adenosine A2b receptors can mimic the effect cAMP agonists and make retinal axons more responsive to netrin, whereas exposure to laminin-1 reduces cAMP and converts netrin from a retinal attractant into a repellent (Hopker et al., 1999; Shewan et al., 2002) . Recently, our laboratory has found that SDF-1, a chemokine acting through the G-protein-coupled receptor CXCR4, can reduce growth cone responses to the repellents semaphorin 3A, semaphorin 3C, and Slit-2 (Chalasani et al., 2003a) . Our pharmacological studies indicate that this modulatory effect is mediated by a pertussis toxin (PTX)-sensitive elevation of cAMP and activation of protein kinase A (PKA).
In an effort to identify other signaling molecules that influence axon responsiveness to repellent guidance cues, we focused on those known to elevate cAMP through a pertussis-sensitive mechanism. Prominent among these are the class I metabotropic receptors for the neurotransmitter glutamate. There are eight metabotropic glutamate receptors (mGluRs) that are divided into three classes based on their pharmacology and sequence homology (Pin and Duvoisin, 1995; Schoepp et al., 1999) . Activation of class I mGluRs, composed of mGluR1 and mGluR5, has been shown to elevate cAMP levels via a PTX-sensitive signaling mechanism (Hermans and Challiss, 2001 ). The similarities between SDF-1/CXCR4 signaling and class I mGluR signaling pathways led us to hypothesize that glutamate could reduce the responsiveness of axonal growth cones to repellents.
(CREB; Upstate Biochemicals, Charlottesville, VA). These antibodies were then detected by anti-mouse Alexa Flour 488 and anti-rabbit Alexa Flour 546 (Molecular Probes).
Survival assays. Dissociated RGCs were obtained from E6 chick retina and plated on poly-L-lysine-treated laminin-coated glass coverslips at a density of 1000 neurons per well (48-well plate; Costar, Acton, MA). The cells were grown in minimal F-12 medium supplemented with 6 mg/ml glucose, 2 mM glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, 5 ng/ml transferrin, and 4 ng/ml selenium for 48 hr with or without DHPG (50 M; Tocris co-op). Inhibitors of PKA (PKI, 200 nM; Calbiochem) and MAPK (PD98059, 20 M; Calbiochem) were added for the entire culture period. These cultures were fixed for 20 min with a 3.7% paraformaldehyde, 20% sucrose in PBS solution and then stained with an anti-islet-1 antibody (39.4D5; Hybridoma Bank). Three coverslips were set up for each condition, and 10 random fields were counted for each coverslip. The average number of islet-positive cells was compared. Error bars on all graphs are SEM. p values were also obtained (two tailed, unequal variance heteroscedastic) using Microsoft Excel.
Results
The responsiveness of growth cones to multiple repellents is reduced by glutamate or the class I mGluR agonist DHPG The growing tip of the axon, the growth cone, responds to the presence of repellents in the medium by withdrawing its filopodia, contracting its lamellipodia, and thereby displaying a "collapsed" morphology (Kapfhammer and Raper, 1987) . The repellent semaphorin 3A was purified based on its ability to collapse DRG growth cones (Luo et al., 1993) . Semaphorin 3C induces the collapse of sympathetic growth cones (Koppel et al., 1997) , and slit-2 induces the collapse of RGC growth cones (Niclou et al., 2000) . A dose-response curve can be constructed relating the percentage of collapsed RGC growth cones to the concentration of slit-2 ( Fig. 1 A, black diamonds) . This curve is shifted to the right when 50 M glutamate is added along with slit-2 ( Fig. 1 A, light gray squares). This rightward shift is indicative of a decreased responsiveness to the repellent activity of slit-2. The concentration of glutamate that reduces RGC responsiveness to slit-2 has previously been shown to be sufficient to induce the hydrolysis of phosphoinositides through the activation of metabotropic receptors (Pin and Duvoisin, 1995; Toms et al., 1995; Schoepp et al., 1999) . Approximately 12-fold more slit-2 is required to obtain 50% growth cone collapse when glutamate is present in the medium (Fig. 1 B) . Agonists of various mGluR classes were tested to determine whether they could mimic this glutamatergic effect. A similar shift in the dose-response curve is seen when 50 M DHPG, a class I mGluR agonist (Conn and Pin, 1997; Schoepp et al., 1999) , is added to the medium ( Fig. 1 A, gray  triangles) . In contrast, neither the class II mGluR agonist APDC nor the class III mGluR agonist AP-4 has any effect on slit-2-mediated repellent responses (Fig. 1, open circles and open squares). The fold increase in the amount of slit-2 required for 50% collapse in various conditions is shown in Figure 1 B. The relative potency of slit-2 by itself is set at 1 by definition. Approximately 12-fold more slit-2 is required to cause 50% collapse in cultures with either glutamate or the class I agonist DHPG added to the medium. However, the response of retinal growth cones to slit-2 is unaffected by the class II agonist APDC or class III agonist AP-4.
To determine whether this effect of glutamate is specific to slit-2, the effectiveness of the repellent semaphorin 3A on DRG growth cones was tested in the presence or absence of glutamate and mGluR agonists. Sema 3A induces a dose-dependent increase in the percentage of collapsed DRG growth cones (Fig. 1C , black diamonds). Glutamate (Fig. 1C , light gray squares) and the class I mGluR agonist DHPG (Fig. 1C, gray triangles) shift the dose-response curve to the right, demonstrating that the activity of sema 3A is reduced. Class II and III mGluR agonists have no effect on the activity of sema 3A. Approximately fivefold more sema 3A is required to induce 50% collapse when glutamate or DHPG is present in the medium (Fig. 1 D) . The class II and III agonists APDC and AP-4 do not cause any significant change in the responsiveness of DRG growth cones to sema 3A. The same is true for semaphorin 3C effects on sympathetic axons. Both glutamate and the class I agonist DHPG reduce the responsiveness of sympathetic growth cones to sema 3C ( Fig. 1 E, F ) . Neither class II nor class III agonists affect sympathetic responses to sema 3C. These results demonstrate that glutamate or the class I mGluR agonist DHPG can reduce the effectiveness of slit-2 on retinal growth cones, sema 3A on DRG growth cones, or sema 3C on sympathetic growth cones.
The modulatory effect of glutamate on slit-2 responsiveness is mediated by mGluR I The class I agonist DHPG can activate two different receptors: mGluR1 or mGluR5. Specific competitive and noncompetitive antagonists of these receptors were used to identify which of them mediates glutamate-and DHPG-induced modulation of slit-2 responsiveness. LY367385 is a competitive mGluR1 antagonist, and SIB1893 is a competitive mGluR5 antagonist (Conn and Pin, 1997; Schoepp et al., 1999) . Glutamate and DHPG reduce the responsiveness of retinal growth cones to slit-2 (Fig. 2 A, compare column 1 with columns 2, 3). These antagonists by themselves have no effect on the amount of slit-2 required to collapse 50% of retinal growth cones (Fig. 2 A, compare column 1 with columns 4, 5). The mGluR1 antagonist LY367385 prevents both glutamate and DHPG from reducing the effectiveness of slit-2 (Fig. 2 A, compare columns 2, 3 with columns 6, 8). The mGluR5 antagonist SIB1893 has no effect on either the glutamate-or DHPGinduced modulation of slit activity ( Fig. 2 A, compare columns 2, 3 with columns 7, 9). These results suggest that the ability of glutamate and DHPG to reduce slit-2 responses is specifically mediated by mGluR1 activation.
Noncompetitive antagonists were also tested for their ability to block the glutamate-and DHPG-mediated modulation of retinal responses to slit-2 (Fig. 2 B) . CPCCOEt is a noncompetitive mGluR1 antagonist, whereas MPEP chloride is a noncompetitive mGluR5 antagonist (Conn and Pin, 1997; Schoepp et al., 1999) . Glutamate and DHPG reduce the responsiveness of retinal growth cones to slit-2 (Fig. 2 B , compare column 1 with columns 2, 3). Neither antagonist by itself has any effect on the activity of slit-2 (Fig. 2 B , compare column 1 with columns 4, 5). The mGluR1 antagonist CPCCOEt prevents both glutamate and DHPG from reducing the effectiveness of slit-2 (Fig. 2 B , compare columns 2, 3 with columns 6, 8). The mGluR5 antagonist MPEP chloride has no effect on either glutamate-or DHPG-induced reduction in slit activity (Fig. 2 B , compare columns 2, 3 with columns 7, 9). The data from both the competitive and noncompetitive antagonists are in agreement and demonstrate that both glutamate and DHPG reduce retinal responsiveness to slit-2 through activation of mGluR1. mGluR1 is expressed by embryonic mouse RGCs and DRGs mGluR1 is localized to major targets of glutamatergic inputs, and its expression increases in the rat between E18 through postnatal day 11 (Shigemoto et al., 1992) . In the adult rat brain, it is expressed in Purkinje cells, the olfactory bulb, and neurons in the hippocampus (Shigemoto et al., 1992) . GABA-positive cells in the inner nuclear layer and some RGCs express mGluR1 in the adult chick retina (Kreimborg et al., 2001) . We examined the expression of mGluR1 by in situ hybridization with antisense probes against the mouse mGluR1 sequence (Zhu et al., 1999) in relatively early embryonic mouse tissues when primary axons are known to be extending (Young, 1985; Cepko et al., 1996) . Retinal ganglion cells express mGluR1 in sections of E13.5 retinal tissue. An in situ for mouse mGluR1 is shown on a cross section through the embryonic eye in Figure 3A . RGCs can be visualized in the same section with an islet-1/2 antibody ( Fig. 3B) (Erskine et al., 2000) . The merged image in Figure 3C shows staining for mGluR1 (dark reaction product) surrounding islet-positive nuclei in RGCs (red). In E13.5 spinal cords, mGluR1 expression is seen also seen in cross sections through spinal cords of E13.5 embryos (Fig. 3D) . The islet-1 antibody iden- Figure 1 . Glutamate or DHPG reduces the activity of Slit-2, Sema 3A, and Sema 3C. A, Doseresponse curves showing the response of retinal growth cones to increasing concentrations of slit-2 (black diamonds). Glutamate (light gray squares) or DHPG (gray triangles) shifts the dose-response curve to right, indicating more slit is required to give the same response in their presence. Class II agonist APDC (open circles) and class III agonist AP-4 (open squares) do not change the dose-response curve of slit-2. B, Fold increase in the amount of slit-2 required to give 50% collapse is shown under various conditions. C, Increasing amounts of sema 3A (black diamonds) cause a greater percentage of DRG growth cones to collapse. More sema 3A is required, shifting the curves to the right, when glutamate (light gray squares) or DHPG (gray triangles) is present in the culture. D, The increase in the amount (fold) of sema 3A required to give 50% collapse in the presence of various metabotropic glutamate agonists is shown. E, Sema 3C (black diamonds) collapses an increasing percentage of sympathetic growth cones when more protein is added. This curve is shifted to the right when glutamate (light gray squares) or DHPG (gray triangles) is also present. On Symp., On sympathetic chain ganglia (symp). F, The fold increase in sema 3C to obtain 50% collapse is shown in the presence of various agonists.
tifies motor neurons and DRG neurons (Fig.  3E) , and the merged image shows mGluR1 expression within motor pools in the ventral cord and in the DRGs (Fig. 3F) .
We tested whether mGluR1 activation reduces axonal repellent activities in mouse tissues. Like their chick counterparts, mouse DRG growth cone responses to sema 3A are reduced in the presence of either glutamate or DHPG. Cultured E13.5 mouse DRGs respond to recombinant sema 3A with a dose-dependent increase in the percentage of collapsed growth cones. Glutamate or DHPG reduced the responsiveness of mouse DRGs by approximately fivefold to sema 3A (Fig.  3G , compare columns 1 with columns 2, 3). The mGluR1 antagonist CPCCOEt has no effect on sema 3A repellent activity by itself (Fig. 3G , compare columns 1, 4) but blocks glutamate-induced (Fig. 3G , compare columns 2, 6) or DHPG-induced (Fig. 3G , compare columns 3, 8) modulation of sema 3A responsiveness. The mGluR5 antagonist MPEP has no effect on sema 3A repellent activity by itself (Fig. 3G , columns 1, 5) nor on the modulation of sema 3A responsiveness by glutamate (Fig. 3G , columns 2, 7) or DHPG (Fig. 3G, columns 3, 9) . These data confirm that embryonic mouse RGCs and DRGs express mGluR1 and show that embryonic mouse DRG axon responsiveness to sema 3A, as in chick tissues, is reduced in the presence of glutamate or DHPG.
mGluR1 and CXCR4 activation are not additive
The activation of mGluR1 reduces axonal responsiveness to multiple repellents in a manner analogous to SDF-1/CXCR4 signaling (Chalasani et al., 2003a) . If both SDF-1/CXCR4 and glutamate/mGluR1 modulate repellent signaling through pathways that converge on some of the same intermediates, then their modulatory effects should fail to augment those of the other. To determine whether this is the case, we measured the modulatory effects of SDF-1 alone, DHPG alone, and SDF-1 and DHPG together. Slit-2 induces a dose-dependent collapse of RGC growth cones (Fig. 4 A, black diamonds). The addition of DHPG shifts the dose-response curve to the right (Fig. 4 A, gray triangles). The addition of SDF-1 also shifts the curve in a similar manner (light gray squares). When both of these modulators are added to RGC cultures, there is a shift to the right that does not exceed the effect of SDF-1 alone (Fig. 4 A, open circles). The addition of these modulators in the combinations described causes an 8-to 10-fold shift in the normal dose-response curve to slit-2 (Fig. 4 B) . These findings suggest that modulation evoked by either SDF-1/ CXCR4 or by glutamate/mGluR1 signaling could share key downstream components.
mGluR1-induced modulation of Slit-2 responsiveness requires PKA activation mGluR1 is a Gi/o protein-coupled receptor that has been shown to induce phosphoinositide (PI) hydrolysis and cAMP elevation in Chinese hamster ovary (CHO) cells (Aramori and Nakanishi, 1992) . We used PTX to test whether the Gi/o family of second messengers mediates DHPG-induced reduction in slit responsiveness (Kaslow et al., 1987) . PTX by itself has no effect on RGC responsiveness to slit-2 (Fig. 5A , compare columns 1, 3). DHPG reduces RGC responsiveness to slit-2 (Fig. 5A , compare columns 1, 2), and PTX completely blocks DHPG-induced modulation of slit responsiveness (Fig. 5A , compare columns 2, 6). These results are consistent with the hypothesis that DHPG uses a Gi/ocoupled PTX-sensitive receptor (mGluR1) to modulate growth cone responsiveness to slit-2.
Previous studies in CHO cells and BHK 570 cells have suggested that mGluR1 activation induces PI hydrolysis, increases in cAMP levels (Aramori and Nakanishi, 1992) , and an elevation of intracellular calcium via a PTX-sensitive mechanism (Pickering et al., 1993) . Calmodulin is a key intermediary in many signaling pathways activated by a rise in intracellular calcium. Its activity can be blocked by a specific antagonist, CMZ (Gietzen, 1983; Akiyama et al., 2001; Takano et al., 2003) . Low concentrations of CMZ have no effect on RGC responsiveness to slit-2 (Fig. 5A , compare columns 1, 5). However, CMZ abolishes the DHPGinduced modulation of slit-2 (Fig. 5A, compare columns 2, 7) . Calmodulin, in turn, can act on several different targets including adenylate cyclase type I, CAM kinase IIϩIV, and myosin light chain kinase (MLCK) (Gopalakrishna and Anderson, 1983; Bagchi et al., 1992; Hanson and Schulman, 1992; Schulman, 1993; Menini, 1999) . We next tested a specific peptide inhibitor (calmodulin inhibitory peptide) that can block calmodulinmediated activation of MLCK (Torok and Trentham, 1994) . This peptide has no effect on the activity of slit-2 by itself (Fig. 5A , compare columns 1, 5), nor does it block DHPG-induced modulation of slit-2 responsiveness (Fig. 5A, compare columns 2, 8) . These results indicate that elevated intracellular calcium levels and calmodulin activation are key downstream signaling components of mGluR1 activation-mediated modulation of axonal responsiveness to slit-2.
Agonists and antagonists of cAMP and cGMP were used to study the potential roles of cyclic nucleotides in DHPG-induced modulation of slit-2 responsiveness. The cAMP antagonist RpcAMPS has no effect on the activity of slit-2 by itself (Fig. 5B , compare columns 1, 3) but can block DHPG-induced modulation of slit-2 responsiveness (Fig. 5B , compare columns 2, 5). The Figure 2 . Glutamate-or DHPG-induced modulation is mediated by mGluR1. A, Higher values (Ͼ1) indicate fold increases in the amount of slit-2 required to obtain 50% collapse in various conditions. All cultures with glutamate are shown in light gray, whereas those with DHPG are in dark gray. A competitive antagonist for mGluR1, LY367385, has no effect on the activity of slit-2 by itself (columns 1, 4) but can block both glutamate-induced (columns 2, 6) and DHPG-induced (columns 3, 8) modulation. A competitive mGluR5 antagonist, SIB1893, has no effect on activity of slit-2 (columns 1, 5). Also, together with glutamate (columns 2, 7) or DHPG (columns 3, 9), SIB1893 did not affect the modulation of slit-2. B, Noncompetitive antagonists for mGluR1 and mGluR5 were used to confirm the receptor being used by glutamate and DHPG. CPCCOEt, a noncompetitive mGluR1 antagonist, has no effect on slit-2 by itself (columns 1, 4) but can inhibit both glutamate-induced (columns 2, 6) and DHPG-induced (columns 3, 8) modulation. MPEP, a noncompetitive antagonist of mGluR5, has no effect on the activity of slit-2 by itself (columns 1, 5) or glutamate-induced (columns 2, 7) and DHPG-induced (columns 3, 9) modulation of slit-2.
cGMP antagonist RpcGMPS has no effect on either the activity of slit-2 (Fig. 5B , compare columns 1, 4) or on DHPG-induced modulation of slit-2 responsiveness (Fig. 5B , compare columns 2, 6). The cAMP agonist SpcAMPS mimics effects of DHPG by reducing the response of retinal growth cones to slit-2 (Fig. 5B , compare columns 1, 2 with column 7). The cGMP agonist 8-BrcGMP does not reduce the effectiveness of slit-2 (Fig. 5B , compare columns 1, 8). These results are consistent with our previous finding that SDF-1 reduces the responsiveness of retinal axons to slit-2, sensory axons to sema 3A, and sympathetic axons to sema 3C through a cAMP-dependent pathway (Chalasani et al., 2003a) . This is in contrast to some other reports that cGMP agonists can have a similar modulatory effect (Schmidt et al., 2002; Mann et al., 2003; Nishiyama et al., 2003) . We also observed a significant cGMP-mediated effect on DRG growth cones responding to sema 3A if we expose them to cGMP agonists for longer periods before testing them for collapse. However, this cGMP-mediated effect is pharmacologically separable from the cAMP-dependent pathway we describe here (K. A. Sabelko, E. N. Twery, and J. A. Raper, unpublished observations). In summary, our results show that a cAMP antagonist blocks the DHPGinduced modulation of slit-2 and that a cAMP agonist mimics the DHPG effect. cGMP agonists and antagonists have an insignificant effect under these experimental conditions. These results suggest that mGluR1 activation modulates slit-2 responsiveness through an elevation in cAMP.
Specific inhibitors against PKA, protein kinase G, MAPK, and PI-3 kinase were tested to determine whether any of these kinases are required for DHPG-induced modulation of slit-2 responsiveness. The PKA inhibitor PKI does not affect the activity of slit-2 (Fig. 5C , compare columns 1, 3) but does block DHPG-induced modulation of slit-2 responsiveness (Fig. 5C, compare columns 2,  7) . The protein kinase G inhibitor KT5823, the MAPK inhibitor PD98059, and the PI-3 kinase inhibitor LY294002 do not interfere with DHPG-induced modulation of slit-2 (Fig. 5C , compare column 2 with columns 8 -10). These inhibitors were applied at concentrations shown to be effective in other in vitro assays (Vlahos et al., 1994; Nishiyama et al., 2003) . We have previously tested the MAPK inhibitor PD98059 and found it to be effective in blocking SDF-1-induced cell survival in longer-term retinal neuron cultures (Chalasani et al., 2003b) . The positive results we have obtained, however, indicate that PKA activation is an important intermediate step in modulating slit-2 responsiveness. Again, the effects of these pharmacological reagents on DHPGmediated modulation are identical to those previously found for SDF-1-mediated modulation (Chalasani et al., 2003a) . A model for some of the signaling steps consistent with these inhibitor data are shown in Figure 5D . We propose that glutamate signals via the activation of mGluR1 using a Gi/o intermediary. This, in turn, induces the activation of calmodulin, leading to an elevation of cAMP levels and the activation of PKA.
Activation of mGluR1 leads to phosphorylation and nuclear translocation of CREB
The actions of selected pharmacological agents on this signaling pathway were visualized through the phosphorylation of the CPCCOEt, an mGluR1 antagonist, has no effect on sema 3A activity (columns 1, 4) but blocks glutamate-induced (columns 2, 6) and DHPG-induced (columns 3, 8) modulation. MPEP, an mGluR5 antagonist, has no effect on sema 3A activity (columns 1, 5) or glutamate-induced (columns 2, 7) and DHPG-induced (columns 3, 9) modulation. CREB at serine 133 and its translocation into the nucleus (Gonzalez and Montminy, 1989; Ginty et al., 1993; Hagiwara et al., 1993) . Dissociated sympathetic neurons cultured in defined minimal medium for 6 hr have little detectable phospho-CREB (P-CREB) in their nuclei (Fig. 6 A1 , sympathetic neurons visualized with antiislet-1 stained green; A2, phospho-CREB stained red; A3, a merged image of the red and green signals). In contrast, DHPGtreated cultures show a dramatic increase in nuclear P-CREB (Fig. 6 B1-B3 ). This DHPG-induced phosphorylation is blocked by the PKA inhibitor PKI (Fig.  6G1-G3 ). CREB can be activated by a variety of pathways (Shaywitz and Greenberg, 1999; Lonze and Ginty, 2002) , but the requirement for PKA is consistent with DHPG inducing an elevation of cAMP that activates PKA, which in turn phosphorylates CREB. DHPG-induced CREB phosphorylation is blocked by the competitive mGluR1 antagonist LY367385 (Fig. 6C1-C3 ). In contrast, the competitive mGluR5 antagonist SIB1893 does not block CREB phosphorylation after DHPG treatment (Fig. 6 D1-D3) . These results support the bioassays that show that DHPG-induced signaling in neurons is mediated by mGluR1. Similarly, PTX (Fig.  6 E1-E3 ) and the calmodulin inhibitor CMZ (Fig. 6 F1-F3 ) both block DHPGinduced modulation of slit-2 responsiveness and also block DHPG-induced phosphorylation of CREB. These results are consistent with the signaling pathway outlined in Figure 6 D: glutamate acts via mGluR1 to activate a Gi/o-coupled intermediary that, in turn, activates calmodulin, elevates cAMP, and activates PKA.
Activation of mGluR1 inactivates Rho
PKA can inactivate the small GTPase Rho by phosphorylating ser-188 in both neuronal and non-neuronal cells (Dong et al., 1998) . Our PKI and P-CREB assays suggest that mGluR1 stimulation activates PKA. DHPG activation of mGluR1 might therefore induce the inactivation of Rho. If so, then activators of Rho should block DHPG modulation of slit-2 responsiveness, whereas inhibitors of Rho should mimic DHPG modulation of slit-2 responsiveness. Low concentrations of cytotoxic necrotizing factor 1 (CNF1), a toxin purified from E. coli, have been shown to activate Rho specifically (Olson et al., 1998) . At higher doses, CNF1 activates Rac and Cdc42 as well (Flatau et al., 1997; Schmidt et al., 1997) . Conversely, tat-C3, a fusion of the HIV-tat sequence to the C3 toxin, has been shown to block the activation of Rho (Aktories et al., 1992; Coleman et al., 2001) . CNF1, at a low dose that should specifically activate Rho, has no effect on the activity of slit-2 (Fig.  7A, compare columns 1, 3 ) but partially blocks DHPG-induced modulation of slit-2 responsiveness (Fig. 7A, compare columns 2,   5 ). Conversely, Tat-C3 mimics the ability of DHPG to modulate slit-2 responsiveness (Fig. 7A , compare columns 1, 2 with column 4). There is no additional effect of adding DHPG to cultures treated with Tat-C3 and slit-2 (Fig. 7A, compare columns 4, 6 ). Thus, a Rho blocker mimics the addition of DHPG, whereas a Rho activator partially blocks the DHPG effect. This is consistent with a signaling pathway in which mGluR1 activation reduces slit-2 responsiveness through the inactivation of Rho.
Additional evidence supporting this proposed signaling pathway was obtained using inhibitors against known downstream targets of Rho. If activation of mGluR1 inactivates Rho, then blocking the downstream targets of Rho should mimic the effects Figure 5 . DHPG activates Gi/o-coupled mGluR1, elevating cAMP via calmodulin, and activates PKA to modulate Slit-2 responsiveness. Specific inhibitors and agonists were used with or without DHPG to identify signaling components involved in modulating the activity of slit-2. Larger values indicate a greater amount of slit-2 (fold increase) required to cause 50% collapse of retinal growth cones. In all panels, DHPG reduces the activity of slit-2 (columns 1, 2), causing an ϳ12-fold increase in the amount of slit-2 to give 50% collapse. A, PTX, Gi/o blocker, has no effect on the activity of slit-2 (columns 1, 3) but can block DHPG-induced modulation (columns 2, 6). CMZ, a calmodulin inhibitor, has no effect on slit-2 (column 1, 4) but blocks DHPG-induced modulation (columns 2, 7). A peptide (calmodulin inhibitory peptide) that can block calmodulin activation of MLCK has no effect on slit-2-induced (columns 1, 5) or DHPG-induced (columns 2, 8) modulation. B, cAMP and cGMP agonists and antagonists were used to identify the cyclic nucleotide, if any, being elevated by DHPG. RpcAMPS, a cAMP antagonist, has no effect on slit-2 activity (columns 1, 3) but blocks the DHPG-induced modulation (columns 2, 5). 8-Br-cGMP, a cGMP antagonist, has no effect on slit-2-induced (columns 1, 4) or DHPG-induced (columns 2, 6) modulation. SpcAMPS, a cAMP agonist, can modulate slit even in the absence of DHPG (columns 1, 7), whereas 8-BrcGMP, a cGMP agonist, has no effect on the activity of slit-2 (columns 1, 8). C, Inhibitors against four kinases were used to determine whether any of these proteins had a role in the DHPG-induced signaling pathway. PKI, a PKA inhibitor, has no effect on slit-2 (columns 1, 3) but can abolish the DHPG-induced modulation (columns 2, 7). None of the other inhibitors (KT5823, a protein kinase G inhibitor; or PD98059, a MAPK inhibitor; or LY294002, a PI-3 kinase inhibitor) have any effect on the activity of slit-2-induced (compare column 1 with columns 4 -6) or on DHPG-induced (compare column 2 with columns 8 -10) modulation. D, A model consistent with our inhibitor experiments is shown. The signaling components we have identified are shown in black, whereas the inhibitors or antagonists used are in gray. SpcAMPS, a cAMP antagonist, which can mimic the DHPG effect, is shown with an arrow pointing toward cAMP.
of mGluR1 activation. We tested inhibitors against Rho kinase and MLCK (Kimura et al., 1996; Bishop and Hall, 2000) . The Rho kinase inhibitor Y-27632 reduces RGC responsiveness to slit-2 (Fig. 7B, compare columns 1, 3) , and there is no additional effect of adding DHPG (Fig. 7B, compare columns 3, 4) . The MLCK inhibitor ML-7 also reduces responsiveness to slit-2 (Fig. 7C,  compare columns 1, 8) , and, again, there is no additional effect of adding DHPG (Fig. 7C, compare columns 8, 9 ). These results are consistent with a model in which activation of mGluR1 inactivates Rho to reduce responsiveness to slit-2.
The relative positions of four key steps in the proposed signaling pathway were checked using combinations of selected inhibitors, specifically PTX (Gi/o blocker), CMZ (calmodulin blocker), RpcAMPS (cAMP antagonist), and PKI (PKA blocker). Each blocks DHPG-induced modulation of slit responsiveness (Fig. 7C , compare column 2 with columns 3-6). However, none of these inhibitors blocks ML-7-induced modulation of slit-2 responsiveness (Fig. 7C , compare column 8 with columns 10 -13), suggesting that MLCK is the most downstream step in the signaling pathway. The antagonist of calmodulin blocks DHPGinduced modulation of slit-2 responsiveness (Fig. 7C , compare columns 2, 4) but does not block modulation induced by either a cAMP agonist (Fig. 7C , compare columns 2, 4 with column 7) or a MLCK inhibitor (Fig. 7A , compare columns 2, 4 with column 11). These data show that calmodulin acts upstream from both cAMP and MLCK. A proposed model showing the signaling steps induced by activation of mGluR1 downstream of PKA is shown in Figure 7D .
Activation of mGluR1 promotes the survival of cultured RGCs mGluR1 activation reduces the effectiveness of multiple repellents in a manner analogous to SDF-1/CXCR4 signaling, and SDF-1/CXCR4 signaling promotes the survival of dissociated embryonic RGCs (Chalasani et al., 2003b) . We therefore tested whether mGluR1 activation also promotes the survival of cultured RGCs (Fig. 8 A) . Dissociated E6 retinal cells were cultured on laminin in a minimal, fully defined medium without added neurotrophins for 48 hr. RGCs were identified by islet-1 staining. The highest level of RGC survival is obtained in medium containing SDF-1 (Fig. 8 A, column 2) . In contrast, only 60% as many RGCs survive in minimal medium alone (Fig. 7A, column 1) . Approximately 80% as many RGCs survive in medium containing the class I mGluR agonist DHPG (Fig. 8 A, column 3 ). This survival-promoting effect of DHPG is blocked by the mGluR1 antagonist CPCCOEt and is not affected by the mGluR5 antagonist MPEP (Fig. 8 A, compare column 3 with columns 6, 7) . Inhibitors of PKA (PKI) and MAPK 1/2 (PD98059) have no detectable effect on cell survival in the absence of mGluR1 stimulation under these conditions (Fig. 8 B, compare column 1 with columns 4, 5) but they do block DHPG-induced survival (Fig. 8 B, compare column 3 with columns 6, 7). These results suggest that mGluR1 activation promotes the survival of cultured embryonic RGCs via activation of PKA and MAPK 1/2.
Discussion
These data demonstrate that the excitatory neurotransmitter glutamate can alter growth cone responsiveness to multiple axonal repellents. This effect is mediated through its activation of the class I metabotropic receptor mGluR1 because the modulatory activity of either glutamate or the class I metabotropic agonist DHPG can be blocked by specific mGluR1 antagonists. Our data are consistent with a pathway in which PTX-sensitive activation of Gi/Go activates calmodulin, adenylate cyclase, and PKA. Although our analysis is limited to pharmacological manipulations, the pathway we propose is one that is well described (Tong et al., 1996; Linden and Ahn, 1999) , the reagents we have used are well characterized, and their actions at several different steps in the pathway support each other. Elevated levels of cAMP and activation of PKA have been shown to facilitate sensory axon outgrowth on repellent substrata, and PKA activation has recently been implicated in reducing the responsiveness of Drosophila motor neurons to semaphorins (Neumann et al., 2002 ; Qiu et al., Figure 6 . mGluR1 activation induces CREB phosphorylation. Dissociated sympathetic cultures from E8 chicks were set up in defined minimal medium. In all the conditions, nuclei are identified by anti-islet-1 in green (A1, B1, C1, D1, E1, F1, G1), P-CREB is identified by antiphospho-specific CREB in red (A2, B2, C2, D2, E2, F2, G2) , and the merged image is shown in A3, B3, C3, D3, E3, F3, and G3 . Under these conditions very little P-CREB is identified (A1-A3). After 30 min of DHPG stimulation, CREB is phosphorylated and translocated into the nucleus (B1-B3). A competitiveantagonistofthemGluR1,LY367385,canblocktheDHPG-inducedCREBphosphorylation (C1-C3), but SIB1893, a competitive mGluR5 antagonist, has no effect on the DHPG effect (D1-D3). Three inhibitors, PTX (a Gi/o blocker; E1-E3), CMZ (a calmodulin antagonist; F1-F3), and PKI (PKA inhibitor;G1-G3),allofwhomblockDHPG-inducedmodulation,alsoblockDHPG-inducedphosphorylationofCREB.Inalltheconditions,nucleiareidentifiedbyanti-islet-1ingreen(A1,B1,C1,D1,E1,F1, G1), P-CREB is identified by anti-phospho-specific CREB in red (A2, B2, C2, D2, E2, F2, G2) , and the merged image is shown in A3, B3, C3, D3, E3, F3, and G3. 2002; Bashaw, 2004; Terman and Kolodkin, 2004) . Our findings further suggest that activation of PKA leads to the inactivation of the small GTPase Rho, as has previously been described in neuronal cell lines (Dong et al., 1998) . Inactivation of Rho is expected to counteract the repellent effects of repulsive signaling molecules like those we tested (Liu and Strittmatter, 2001; Oinuma et al., 2003; Yuan et al., 2003) .
We have previously shown that the chemokine SDF-1 also reduces RGC responses to slit-2, DRG responses to sema3A, and sympathetic responses to sema3C (Chalasani et al., 2003a) . These modulatory effects resemble those of mGluR1 activation, and the effects of CXCR4 and mGluR1 activation are not additive in RGC axons. These findings suggested that the signaling pathways of SDF-1/CXCR4-and glutamate/mGluR1-mediated modulation of repellent responsiveness might converge on some of the same intermediaries. Just like mGluR1 activation, SDF-1 activation of CXCR4 stimulates a PTX-sensitive pathway that is also blocked by an antagonist of cAMP and an inhibitor of PKA. Both mGluR1 and CXCR4 activation are mimicked by a cAMP agonist, TAT-C3-induced inactivation of Rho, or the blockade of either Rho kinase or MLCK. That the same pharmacological reagents reduce axonal responses to the same repellents in multiple systems argues strongly that SDF-1 and glutamate converge onto the same common signaling pathway.
In principle, glutamate could be acting as an attractant, the effects of which counteract those of repellents when they are summed together, or as a modulator that interferes with repellent signaling without having attractive activities of its own. Because mGluR1 activates the same signaling pathway as SDF-1/CXCR4 signaling, and because SDF-1 appears to act as a modulator rather than an attractant in the same neurons in which we studied glutamate activity (Chalasani et al., 2003a) , it seems most likely that glutamate acts as a modulator that reduces repellent responsiveness rather than an outright attractant.
Neurotransmitters have previously been reported to directly affect axon outgrowth in vitro. ACh inhibits the outgrowth of cultured postnatal rat RGC neurites (Lipton et al., 1988) . It can also both promote the outgrowth, as well as attract, embryonic Xenopus spinal neurites in vitro (Zheng et al., 1994; Erskine and McCaig, 1995) . Baclofen, an agonist of metabotropic GABA B receptors, was recently shown to repel Xenopus spinal neurons (Xiang et al., 2002) . Glutamate itself has been found to have direct effects on neuronal morphology. Dendrite extension is inhibited in isolated cultured motor neurons through glutamate-induced stimulation of AMPA/KA glutamatergic receptors (Metzger et al., 1998) . In contrast to these previous studies that show a direct effect of neurotransmitters on neurite motility, our results show that neurotransmitters alter axonal responses to traditional axonal guidance cues.
Many studies have identified a prominent role for ionotropic glutamate receptors, particularly the NMDA receptor, in neuronal plasticity (Riedel et al., 2003; Waltereit and Weller, 2003) . However, other studies have also suggested a vital role for metabotropic signaling. Long-term potentiation (LTP) at hippocampal mossy fibers is independent of NMDA function and involves a presynaptic glutamatergic component (Castillo et al., 1997) . Activation of group II mGluRs induces long-term depression (LTD) in rat prefrontal cortex (Otani et al., 2002) . Interestingly, dendritic spines have been reported to elongate when stimulated by the class I mGluR agonist DHPG (Vanderklish and Edelman, 2002) . Several neurological impairments have been noted in mice lacking mGluR1. They are viable and fertile but have an ataxic gait with an intention tremor (Aiba et al., 1994b) . These animals have impaired motor learning, are deficient in cerebellar LTD, and show impaired hippocampal LTP and associative learning (Aiba et al., 1994a ). An interesting structural A, CNF1, a toxin that can activate Rho at low concentrations, has no effect on the activity of slit-2 (columns 1, 3) but can partially block the DHPG-induced modulation (columns 2, 5). Tat-C3, a cell-permeable Rho blocker, can reduce the activity of slit-2 by itself (columns 1, 4), and there is no additional effect on DHPG-induced modulation (columns 2, 6). B, Y-27632, a Rho kinase inhibitor, can modulate slit-2 by itself (columns 1, 3) and has no additive effect on DHPG-induced modulation (columns 2, 4). C, ML-7, a MLCK inhibitor, can reduce the activity of slit-2 (columns 1, 8) and has no synergistic effect on DHPG-induced modulation (columns 2, 9). Reagents that block Rho (Tat-C3) or downstream targets of Rho (Rho kinase and MLCK) mimic the DHPG effect by reducing slit-2 activity, whereas Rho activator (CNF1) blocks the DHPG effect, suggesting that DHPG might be inactivating Rho in our cultures. Four different inhibitors, PTX, CMZ, RpcAMPS, and PKI, all of which can block the DHPG-induced modulation (compare column 2 with columns 3-6), suggest that the molecules they block are downstream of DHPG. However, they cannot block ML-7-induced modulation (compare column 8 with columns 10 -13), suggesting that molecules they block are upstream of MLCK. A calmodulin antagonist cannot block SpcAMPS-induced modulation (compare columns 1, 2 with column 7), suggesting that calmodulin is upstream of cAMP in the signaling pathway. D, A model consistent with inhibitor data is shown. Tat-C3 is shown to inactivate Rho, whereas CNF1 can activate it. Two inhibitors, Y-27632 and ML-7, are shown with arrows pointing toward their targets because they can mimic the DHPG-induced modulation of slit-2.
defect has also been noted in these mice. Because of impaired regression of climbing fibers in the cerebellar cortex, multiple climbing fibers innervate individual Purkinje cells (Kano et al., 1997) . This axonal guidance defect raises the possibility that some of the abnormal behaviors observed in these mice could be the consequence of additional guidance errors occurring during development. This warrants attention in future studies.
Although we observed a modulatory effect of glutamate on the responsiveness of primary axons to repellents, we speculate that the modulatory mechanism we describe is most relevant to activity-dependent remodeling of neuronal connectivity that takes place later in development. During this phase, synaptic connections are thought to be refined in part by the advance and withdrawal of axonal and dendritic processes (Jackson and Parks, 1982; Sanes and Lichtman, 1999; Hashimoto and Kano, 2003) , and these morphological changes are controlled by neuronal firing patterns. Although some progress has been made in identifying rules that relate firing patterns to changes in morphology (Constantine-Paton et al., 1990; Katz and Shatz, 1996; Milner et al., 1998; Wong et al., 1998) , it has been much more challenging to identify specific molecular components that provide the biochemical mechanisms for these changes. It is logical to assume that neurotransmitters released by neural activity are likely to play an important signaling role in activity-dependent changes in neuronal morphology, but how?
Our results demonstrate that glutamate acting through mGluR1 can reduce the activity of repellents. Other neurotransmitters may potentially activate the same signaling pathway through their action on select metabotropic receptors. We speculate that such mechanisms help promote the extension of active processes through environments rich in repellent signals. Active axons are known to release neurotransmitter (Hume et al., 1983; Rane, 1987; Sun and Poo, 1987) . Growing presynaptic processes respond to repellent cues in their surrounding environment; for example, retinal axons confront the repellents ephrinA2 and A5 in the optic tectum and the lateral geniculate (Cheng et al., 1995; Feldheim et al., 1998 Feldheim et al., , 2000 and are known to be electrically active from very early embryonic times (Ziv and Smith, 1996; Wong et al., 1998; Ritzenthaler et al., 2000) . We hypothesize that the release of glutamate from active axons could reduce their own response to target-derived repellents. This autocrine modulatory mechanism would give active axons a competitive advantage in extending within their target. Once axons have acquired their targets, we hypothesize that the release of glutamate from presynaptic elements could make postsynaptic elements less responsive to repellent cues and thereby facilitate synapse formation. There is growing evidence that the postsynaptic cell is not a passive partner in synapse formation. Both muscle cells and neurons have been observed to advance fine filopodial-like processes toward potential synaptic partners (Ziv and Smith, 1996; Ritzenthaler et al., 2000) . The release of neurotransmitters from active presynaptic elements could attract postsynaptic elements by making them resistant to repellents expressed either in the general environment or by the presynaptic cell itself.
High concentrations of glutamate are generally thought of as excitotoxic to neurons (Lucas and Newhouse, 1957; Olney, 1989) . Calcium entry through NMDA receptors has been shown to mediate glutamateinduced cell death (Sattler and Tymianski, 2001 ). In contrast, there are mixed reports on the effects of mGluR activation on cell death and survival (Spillson and Russell, 2003) . On balance, most support a survival-enhancing effect. For example, activation of class I mGluRs promote the differentiation and survival of cerebellar Purkinje cells (Catania et al., 2001) , protect rat spinal motor neurons against a kainate insult (Pizzi et al., 2000) , and can be neuroprotective against NMDA excitotoxicity in hippocampal slice cultures (Blaabjerg et al., 2003) . Previous groups have reported that neuroprotection mediated by class II (D'Onofrio et al., 2001 ) and class III (Iacovelli et al., 2002) mGluRs requires MAPK activation. Our data suggest that selectively activating mGluR1 can promote embryonic neuronal survival through MAPK activation and suggest a mechanism by which the establishment of synaptic connectivity could support the survival of the target cell.
We have now shown that two extracellular signals, the chemokine SDF-1 and the neurotransmitter glutamate, modulate the responsiveness of multiple axon types to several different guidance cues. Both of these modulatory cues achieve their effects through the stimulation of G-protein-coupled receptors and their activation of a common signaling pathway. Given the tremendous number and diversity of G-protein-coupled receptors, it seems likely that other ligand-receptor pairs will be identified that activate the same pathway. Some of these may be other metabotropic receptors for neurotransmitters like dopamine, serotonin, or norepinephrine that are known to activate PKA (Roseboom and Klein, 1995; Barbas et al., 2003; Jay, 2003) . Based on these findings, we propose a specific, novel mechanism by which neuronal activity could influence the advance and withdrawal of neuritic processes. Activation of specific metabotropic receptors by activity-driven release of neurotransmitter would reduce the responsiveness of neuronal processes to repellent guidance cues. This signaling mechanism might provide a mechanistic link between patterned neuronal activity and morphological changes observed during activity-dependent remodeling of neuronal circuitry. A, The number of RGCs that survived in SDF-1-treated cultures was set at 100, and those in other conditions were compared with that number. DHPG promotes survival of RGCs (compare columns 1, 3; p Ͻ 0.05), but not as robustly as those with SDF-1 (compare columns 2, 3). Noncompetitive antagonists of class I mGluRs [CPCCOEt (CPC), a specific mGluR1 antagonist, and MPEP chloride, a specific mGluR5 antagonist] have no effect on RGC survival by themselves (compare column 1 with columns 4, 5). CPCCOEt blocks the DHPG-induced survival (compare columns 3, 6; p Ͻ 0.05), whereas MPEP has no effect (compare columns 3, 7). B, Specific inhibitors of PKA (PKI; compare columns 1, 4) and MAPK [PD98059 (PD); compare columns 1, 5] have no effect on RGC survival. Both inhibitors can block the DHPG-induced RGC survival (compare column 3 with columns 6, 7; p Ͻ 0.01).
